Abstract Clinically important links have been established between mitochondrial function and cardiac physiology and disease in the context of signaling mechanisms, energy production, and muscle cell development. The proteins and processes that drive mitochondrial fusion and fission are now known to have emergent functions in intracellular calcium homeostasis, apoptosis, vascular smooth muscle cell proliferation, myofibril organization, and Notch-driven cell differentiation, all key issues in cardiac disease. Moreover, decreasing fission may confer protection against ischemic heart disease, particularly in the setting of obesity, diabetes, and heart failure. The importance of lipids in controlling mitochondrial fission and fusion is increasingly becoming appreciated. Roles for the bulk and signaling lipids cardiolipin, phosphatidylethanolamine, phosphatidic acid, diacylglycerol, and lysophosphatidic acid and the enzymes that synthesize or metabolize them in the control of mitochondrial shape and function are reviewed here. A number of diseases have been linked to loss-of-function alleles for a subset of the enzymes, emphasizing the importance of the lipid environment in this context.
Mitochondria began by being defined by their role in cellular metabolism but now are known to undertake many other functions such as regulation of cell differentiation, motility, intracellular Ca 2+ signaling and apoptosis [1, 2] . Initially thought to be morphologically inert, mitochondria are now viewed as dynamic organelles that fuse to generate larger mitochondria and subsequently undergo fission when demands change for energy production, when there are changes in cellular morphology, and when cell division occurs. Mitochondria are composed of two outer bilayer membranes, complicating the mechanisms required for fusion and fission relative to single-membrane organelles and thus require specialized protein machinery. Fusion and fission of mitochondria are important in many larger events such as cell proliferation, spermatogenesis, and cardiac [3] and neuronal biology and are connected to or altered in diseases such as Parkinson's disease [4] , Barth syndrome [5] [6] [7] , and Charcot-Marie-Tooth disease and autosomal dominant optic atrophy [8] .
Many reports link changes in mitochondrial morphology to metabolic and cardiac diseases in the context of energetics. For example, patients with obesity, diabetes, or heart failure have elevated serum-free fatty acids [9] that promote lipotoxicity of cardiomyocytes [10] . The free fatty acids induce production of the lipid ceramide, which promotes apoptosis and mitochondrial fission through the activation of Drp1, the key protein mediator of fission [11] . Inhibition of ceramide synthesis or sequestration of the free fatty acids into lipid droplets prevents cardiomyocyte apoptosis [12] , suggesting potential therapeutic cardioprotective approaches in these settings. Reciprocally, in addition to decreasing the efficiency of ATP production, loss of mitochondrial fusion triggers mitochondrial genome mutation and loss, resulting, for example, in lethal mitochondrial myopathy [13] . Presumably related in mechanism, cardiomyocyte differentiation requires mitochondrial fusion, which is essential for calcium homeostasis and thus Notch signaling [14] . Manipulation of mitochondrial morphology as a therapeutic approach for cardiac disease is complex, however. Although numerous reports have described clinical utility for inhibition of Drp1 and fission in the setting of ischemia/reperfusion to decrease mitochondrial metabolism and thus reduce cardiomyocyte apoptosis [15] , the fission that is triggered by such cell stress may also be a critical part of the adaptive response, since it is required for cardiomyocyte hypertrophy [16] . Similarly, while fusion is important for myocyte biogenesis, muscle cells with reduced fusion capacity nonetheless undergo a metabolic remodeling that increases fatty acid utilization and results in increased endurance capacity at the physiological level [17] . Thus, pharmacological regulation of mitochondrial fission and fusion may be differentially beneficial in different settings, or inhibition useful in the short-term but counterproductive in long-term adaptation to sustained demands for increased cardiac performance.
Mitochondrial fission and fusion are tightly regulated events and the protein machinery that directly mediates them has been intensively studied, but other aspects of the mechanisms via which fusion and fission proceed are less well understood. The topic that will be reviewed here comprises the roles of mitochondrial membrane lipids including phosphatidylethanolamine (PE), cardiolipin (CL), diacylglycerol (DAG), and phosphatidic acid (PA) [5] , which are generated and catabolized by phosphatases, phospholipases, and acyltransferases.
There are many potential mechanisms through which lipids could influence mitochondrial morphology, including physical effects on membrane structure such as generating negative membrane curvature, which lowers the activation energy for fission and fusion of single membrane organelles such as exocytic vesicles fusing into the plasma membrane [18] [19] [20] [21] . Many of these lipids have also been shown to recruit and or activate proteins that mediate the fission and fusion processes [12, [22] [23] [24] [25] . Regardless of the means by which they function, these bulk and signaling lipid pathways undertake substantial roles in the control of mitochondrial morphology [22, 23, [26] [27] [28] .
Cardiolipin roles in mitochondrial recruitment of proteins that mediate fission and fusion Cardiolipin (CL), a negatively charged lipid uniquely found in mitochondria and critical for mitochondrial functions, is found primarily in the inner membrane of the mitochondria where it makes up ∼20 % of the total lipids. Nonetheless, CL is also found in the outer membrane at levels as high as 25 % at contact sites between the inner and outer membranes [29, 30] , which is where both fusion [31] and fission [25, 32] events are thought to take place. CL is critical for fusion of the inner membrane via its interaction with the dynamin-related protein Opa1 [31, 33] , a GTPase which mediates inner membrane fusion [34] .
Opa1 is found in long and short isoforms that are inactive when monomeric but exhibit GTPase activity as dimers and drive mitochondrial fusion [35] . The dimerization is dependent on the presence of CL and the GTPase activity is enhanced on liposomes composed of lipids matching that of the mitochondrial inner membrane, again in a manner dependent on CL [31, 33] . The yeast ortholog of Opa1, Mgm1, encodes a set of positively charged lysine residues that are dispensable for oligomerization but are required for interaction with negatively charged lipids like CL, indicating that the activation of the Opa1 GTPase is dependent on CL interaction [36] .
Cardiolipin is transferred from the inner membrane to the outer membrane by a specific protein machinery [37] , thus facilitating processes such as apoptosis [38, 39] and mitochondrial fission [24, 25] . The most obvious role for CL in the fission pathway involves Drp1, the protein that directly mediates the fission process [24, 25] . CL has been shown to mediate both Drp1 recruitment to membrane surfaces and to activate Drp1's GTPase activity [24, 25, 32] , similar to the role it undertakes for Opa1 [31, 33, 36] .
CL may also stimulate activity of other fission-promoting proteins. α-Synuclein, which is linked to Parkinson's disease, drives mitochondrial fission [40] and fragments membrane tubules in a manner dependent on CL, again suggestive of a CL role in recruitment and possibly activation. Mitochondrial fragmentation potentially underlies or contributes to the neuronal degeneration and pathogenesis of Parkinson's disease.
Taken together, though, CL seems to predominantly function as a pro-fusion lipid, since CL deficiency leads to fragmented mitochondria [41] . Other proteins recruited to mitochondria via CL interaction include pro-apoptotic proteins that potentially interact with the CL present in outer membrane mitochondrial contact sites. For example, tBid encodes a three-helix domain that preferentially inserts into CL-enriched membranes [42] , as does Bax [43] , but Bax and tBid are not likely to influence fission or fusion pathways directly.
Roles for phosphatidylethanolamine in mitochondrial fusion
Phosphatidylethanolamine (PE) is another mitochondrial membrane lipid that is a significant component of the outer [44] and inner [45] membranes. Most of the mitochondrial surface PE is synthesized by phosphatidylserine decarboxylase Pisd [46] . PE facilitates mitochondrial fusion [46] ; yeast lacking Psd1, the homolog of mammalian Pisd, undergo extensive mitochondrial fragmentation [45, 46] . The mitochondria lacking PE which do undergo fusion are remarkable for incomplete mixing of the joined mitochondrial membranes, indicating effects on lipid transfer [46] . CL and PE may have connected roles in facilitating fusion since combining an inability to make CL with Psd1 deficiency in yeast (that is, in yeast lacking the CL synthase Crd1) drives mitochondrial fragmentation much more strongly [46] . Combined CL and PE deficiency lowers Opa1 protein levels, potentially offering a mechanism for the finding. Intriguingly, Barth Syndrome is caused by loss-of-function mutations in tafazzin, which remodels CL. Tafazzin dysfunction results in decreased PE and CL levels and extensively fragmented mitochondria, suggesting that the combined deficiency may be a component in the disease pathogenesis [47] .
Phosphatidic acid drives mitochondrial aggregation and promotes fusion CL also serves as substrate for phosphatidic acid (PA) production at the mitochondrial surface via the activity of MitoPLD, a mitochondrial-surface phospholipase D that produces PA by cleaving CL. MitoPLD overexpression reduces cardiolipin and increases PA on the mitochondrial surface [23, 26, 27] . MitoPLD also functions as an endonuclease during spermatogenesis, undertaking there a critical role in biogenesis of piRNAs [48] . MitoPLD is evolutionally most similar to the bacterial endonuclease and PLD superfamily member known as Nuc [27, 49] , and almost as similar to the superfamily member yeast cardiolipin synthase [27] .
PA can also be synthesized via distinct pathways such as through conversion of lyso-PA (LPA) to PA by LPA acetyltransferase (LPAAT), which takes place on peroxisome membranes in yeast during fission [22] . PA is a cone-shaped, negatively charged phospholipid, which enables it to elicit negative membrane curvature, making it potentially key in morphology of membranes when concentrated at key sites [50] . MitoPLD-overexpressing cells exhibit enlarged and aggregated mitochondria [27] , which is also observed with elevated levels of Mfn1, another protein critical for fusion [51] . Conversely, Drosophila [52] or mammalian cells [27] that express a dominant-negative, catalytically inactive, allele or siRNA exhibit mitochondrial fragmentation and decreased mitochondrial fusion, demonstrating that it is the product PA rather than the MitoPLD protein that affects rates of fusion. In support of this, metabolism of mitochondrial surface PA by the PA-preferring phospholipase A 1 (PA-PLA 1 ) to generate LPA or by the lipin 1b PA phosphatase to form diacylglycerol (DAG) opposes MitoPLD action and thus drives fragmentation of mitochondria [23, 26] . Conversely, reducing levels of PA-PLA 1 or lipin 1b causes mitochondrial elongation [23, 26] . Even though PA-PLA 1 stimulates mitochondrial fission, mitochondrial glycerol-3-phosphate acyltransferase (Mt-GPAT), which synthesizes LPA through a separate pathway using a different substrate, is required for fusion of mitochondria in HeLa cells and in Caenorhabditis elegans [53] , suggesting that LPA can sometimes be a pro-fusion lipid, perhaps through promoting the synthesis of PA via LPAATs. This result suggests that decreases in PA levels might be the driver in fission rather than synthesis of LPA. Alternately, Mt-GPAT localizes to the mitochondrial interior [54] instead of to the surface on which PA-PLA 1 functions, and phospholipids like LPA and lysophosphatidylcholine that aid fission and fusion of membrane vesicles via effects on membrane curvature elicit opposite effects based on whether they are present on the inwardly or outwardly bending membrane surfaces [55] . Taken together, LPA may have a pro-fission function when elevated in concentration on the surface of the mitochondria while having a fusion-promoting function when increased on the interior of the mitochondrial membrane.
While the means by which PA supports fusion remains unsettled, it may involve functional interaction with Mfn1 and Mfn2, the GTPases that mediate fusion of the mitochondrial outer membrane [51] . Mfn is an outer membrane integral protein that trans-dimerizes to bring adjacent mitochondria to within 16 nm of each other, driving fusion using its GTPase action after forming multimers. Overexpression of MitoPLD does not drive mitochondrial aggregation in Mfn1-and Mfn2-deficient cells, suggesting that Mfn action to draw mitochondria closely together is needed for MitoPLD to act in trans to hydrolyze CL and create PA. MitoPLDoverexpressing cells exhibit mitochondria apposed even closer, 9 nm apart, indicating that generation of PA may help promote fusion by pulling the outer membranes nearer than Mfn can accomplish on its own [27] . Finally, conversion of CL to PA on the mitochondrial surface could also decrease the rate of fission, since CL is required for Drp1 recruitment and activation as discussed above.
PA is linked to separate types of membrane fusion events, for example, SNARE-regulated exocytosis [50] , which may have some commonalities with fusion of mitochondria. SNARE proteins are found on exocytic membrane vesicles and the plasma membrane and function to appose the membrane surfaces in a mechanism similar in some ways to the one employed by Mfn. PA, in exocytosis, promotes fusion of the juxtaposed membranes by increasing the fusogenic activity of the SNARE proteins and through eliciting membrane curvature to lower the activation energy barrier to fusion [18, 19] .
PA also promotes mitochondrial and membrane vesicle fission by recruiting proteins that carry out vesicular membrane cleavage [56] or synthesize lipids like DAG which encourage fission. PA generated by MitoPLD recruits the lipin 1b PA phosphatase to the surface of mitochondria to convert the PA to DAG, decreasing fusion by reducing PA and stimulating fission [23] . A lipin C-terminal catalytic domain specifically translocates to preformed sites of mitochondrial fission, causing profound mitochondrial cleavage.
Roles for diacylglycerol in fission of mitochondria
Lipin 1b encodes a PA-binding motif in the center of the protein that recruits it to membrane surfaces enriched in PA, but additionally has a catalytic domain at its C-terminus that localizes to preformed sites of mitochondrial fission independent of PA [23] , indicating that it binds there to a protein partner. Altogether, this and related results have suggested that the C-terminal fission-site interacting domain is sequestered by the N-terminal domain, which also suppresses catalytic activity, but when PA recruits lipin 1b to the mitochondrial surface, this triggers a conformational change that provides access to the cryptic binding site and enables lipin 1b to become focused onto fission sites to create DAG there. The means by which DAG drives fission is presently unsettled, but there are interesting leads for future exploration.
Drp1 drives fission by squeezing the mitochondrial membrane at future sites of cleavage [57] . Recruitment of Drp1 occurs after endoplasmic reticulum (ER) tubules wrap around and constrict the mitochondria at fission (and contact) sites [58] . Since oligomerized Drp1 creates a ring smaller than the width of standard mitochondrial tubules, ER tubule constriction of mitochondria is thought to be required to shrink mitochondria to a diameter that the Drp1 multimer can encircle and then further constrict and cleave. The mechanism via which ER constriction proceeds involves INF2, an actin polymerizing protein [59] , and myosin II [60] . Reorganization of actin [61, 62] and activation of myosin II [63, 64] are both regulated by production of PA and its metabolism, suggesting linkage between PA-PLA 1 , MitoPLD, and lipin 1b action, and mitochondrial constriction mediated by actin/myosin II.
The actin cytoskeleton is also directly regulated by DAG. For example, DAG recruits DAG kinase ζ, which phosphorylates DAG to generate PA and functions as a protein scaffold to activate RhoA, which orchestrates reorganization of the actin cytoskeleton in many settings [65, 66] . Altogether, Fig. 1 A model for lipid roles in mitochondrial fusion and fission. Phosphatidic acid (PA) generated at the mitochondrial surface via cardiolipin (CL) cleavage by MitoPLD assists mitofusin (Mfn)-mediated fusion of the outer mitochondrial membrane. Inner membrane fusion is mediated by Opa1, which needs CL for localization and activity. PA action is ended by its metabolism by lipin 1b, which translocates to the mitochondrial surface through the action of a PA-binding domain and metabolizes PA to yield diacylglycerol (DAG), or by PA-phospholipase A 1 (PA-PLA 1 ), which hydrolyzes PA to yield lyso-PA (LPA). LPA or DAG production from the substrate PA triggers mitochondrial fission; reducing lipin 1b or PA-PLA 1 activity suppresses fission, causing mitochondrial tubule elongation. Phosphatidylethanolamine (PE) is required for mitochondrial membrane lipid mixing after or late in fusion, but the mechanism through which this alters the efficiency of fusion is unknown. Listeriolysin O (LLO) inserts into cholesterol-rich membranes and triggers mitochondrial fission in a Drp1-independent manner that still requires enwrapping by the ER and actin polymerization. IMM inner mitochondrial membrane, OMM outer mitochondrial membrane. See text for additional details DAG's function in fission of mitochondria may be to drive actin filament polymerization at sites of ER constriction in collaboration with myosin II and INF2, thereby permitting the ER to squeeze the future sites of fission to a diameter that Drp1 activity can then proceed with. Intriguingly, the yeast actin patch protein App1p, which localizes to mitochondria, has recently been shown to be a PA phosphatase, i.e., to convert PA to DAG [67] . This reveals a second potential pathway to generate DAG from PA at fission sites that would be triggered by the prior initiation of actin-driven constriction of the mitochondrial tubules by INF2.
In a related context in yeast, DAG drives fission of peroxisomes, which are double membrane-bound organelles similar to mitochondria. In this pathway, PA generated at the presumptive fission site is dephosphorylated to generate DAG, which causes a Drp1-related GTPase to translocate to the peroxisome to mediate fission [22] . It is not yet known whether this mechanism involving DAG is also relevant to peroxisome division in mammals. In a second example, DAG facilitates fission in the Golgi complex by recruiting protein kinase D (PKD) and thereby leading to increases in DAG, PA, and LPA, which then drive fission through creating membrane curvature [68] . In more detail [69] , PKD is recruited to the trans-Golgi network (TGN) by DAG and ARF1 and once activated by phosphorylation, stimulates PI4KIIIβ leading to production of PI4P in the cytoplasmic TGN leaflet. PI4P then recruits several proteins to the TGN membrane including ceramide transfer protein (CERT). CERT promotes ceramide transport to the TGN, which leads to the local generation of DAG, which in turn recruits more PKD leading to generation of more DAG. The local ARF1 activates PLD1 to generate PA from PC, and the PA is converted to LPA by the action of PLA2. Consumption of DAG via DAGK generates PA which subsequently is converted to LPA. The roles for DAG in promoting peroxisomal fission and budding from the Golgi complex suggest leads into the function of DAG in fission of mitochondria.
Other lipid-connected fission pathways
After infection, Listeria monocytogenes secrete the poreforming toxin listeriolysin O (LLO) into mammalian cells, which triggers mitochondrial fission [28] . The LLO toxin multimerizes to form a pore and inserts into cholesterolenriched membranes, which may include mitochondria as a target site. The ensuing fission requires ER wrapping at fission sites and actin polymerization, but not Drp1, illustrating that there are ways to bypass the Drp1-mediated fission step. Drp1-independent fission is also observed upon silencing of the inner membrane protein LETM1 [70] , as well as when α-synuclein is overexpressed and directly interacts with CL in mitochondrial membranes [40] , suggesting that a full understanding of the essential requirements for fission has not yet been generated.
Future directions
Lipids clearly play important roles in fission and fusion events (Fig. 1) , although much remains unknown concerning their roles. The clinical relevance of this topic is increasingly apparent. Suppressing mitochondrial fission via inhibition of Drp1 prevents apoptosis in heart or brain ischemia/ reperfusion and in kidney transplants [71] [72] [73] [74] . On the other hand, inhibiting fusion through impeding Mfn1 function may increase cardiomyocyte tolerance in conditions of stress that result in dysfunctional mitochondria [74, 75] . Pursuing leads to explore how lipids function in combination with the mitochondrial surface proteins that drive fission and fusion will suggest new kinds of therapeutics, including those for metabolic syndromes and bacterial infection.
